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MD Simulation 

VMD ï ñVisual Molecular Dynamicsò 

Cell-Scale Modeling 

Å 100,000 active users worldwide  

Å Visualization and analysis of: 

ï Molecular dynamics simulations 

ï Lattice cell simulations 

ï Quantum chemistry calculations 

ï Cryo-EM densities, volumetric data 

Å User extensible scripting and plugins 

Å http://www.ks.uiuc.edu/Research/vmd/ 
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VMD Hands-On Tutorials 

Åhttp://www.ks.uiuc.edu/Training/Tutorials/#vmd 
ïMain VMD tutorial 

ïQwikMD simulation preparation and analysis plugin 

ïVMD images and movies tutorial 

ïStructure check 

ïVMD quantum chemistry visualization tutorial 

ïVisualization and analysis of CPMD data with VMD 

ïParameterizing small molecules using ffTK 

 

 

http://www.ks.uiuc.edu/Training/Tutorials/#vmd
http://www.ks.uiuc.edu/Training/Tutorials/#vmd
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Goal: A Computational Microscope 
Study the molecular machines in living cells 

Ribosome: target for antibiotics Poliovirus 
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VMD: Building A Next Generation Modeling Platform 

Å Provide tools for simulation preparation, visualization, and analysis 

ï Reach cell-scale modeling w/ all-atom MD, coarse grained, Lattice Microbes 

ï Improved performance, visual fidelity, exploit advanced technologies (GPUs, VR HMDs) 

Å Enable hybrid modeling and computational electron microscopy 

ï Load, filter, process, interpret, visualize multi-modal structural information 

Å Connect key software tools to enable state-of-the-art simulations 

ï Support new data types, file formats, software interfaces 

Å Openness, extensibility, and interoperability are VMD hallmarks 

ï Reusable algorithms made available in NAMD, for other tools  



VMD is a Platform for Developing Research Tools 

Over 110 VMD Plugins, Half Developed by Users 

Å VMD user-extensible scripting w/ 
Tcl/Tk, Python 

Å User-developed plugins: 

ï Alanine Scanning 

ï Collective Variable Analyzer 

ïClustering Tool 

ïCarbon Nanostructure Builder 

ï TorsionPlot 

ï RMSD Trajectory Tool 

ï Many othersé 

VMD Core 

Molfile 

Plugins 

Graphical 

Interface 

Plugins 

Text 

Plugins 

Tcl/Tk Python 
Plugin 

Interface 



Ribeiro, et al. QwikMD - Integrative Molecular Dynamics Toolkit for Novices and Experts. Sci . Rep. 6, 26536, 2016 

QwikMD: Guided MD Simulation and Training 

Smooths initial  learning 

curve (non-expert users) 

 

Speed up tedious 

simulation preparation 

tasks (expert users) 

 

Reproducibility:      

detailed log of all steps  

 

Interactive preparation, 

simulation, and analysis  



Parametrization with the Force Field Toolkit (FFTK) 
A plugin enabling the simulation of drug-like small molecules by lowering force field development barriers  

Future Plans:  

- Support free -for -academics QM software,                          

ORCA (Neese, Max Planck)  

- Parametrization tools for additional MM force fields 

ÅAMBER force field (Gumbart, Georgia Tech.) 

ÅDrude polarizable force fields (Roux, U. Chicago; 

MacKerell, U. Maryland) 

A graphical interface organized to follow  

the standardized CGenFF workflow  

Leverages VMDôs powerful graphics capabilities to visualize 

parameter -related data within the context of molecular structure  

Interactively explore energy profiles 
 

Import data from the CGenFF Program webserver  

to assign initial parameters by analogy  

Documentation Website Workshop Tutorial Screencast Demos 

Extensive training material available from the Centerôs website 



Analysis 
APBSRun 

CatDCD 

Contact Map 

GofRGUI 

HeatMapper 

ILSTools 

IRSpecGUI 

MultiSeq 

NAMD Energy 

NAMD Plot 

NetworkView 

NMWiz 

ParseFEP 

PBCTools 

PMEpot 

PropKa GUI 

RamaPlot 

RMSD Tool 

RMSD Trajectory Tool 

RMSD Visualizer Tool 

Salt Bridges 

Sequence Viewer 

Symmetry Tool 

Timeline 

TorsionPlot 

VolMap 

 

 

Modeling 

AutoIonize 

AutoPSF 

Chirality 

Cionize 

Cispeptide 

CGTools 

Dowser 

ffTK  

Inorganic Builder 

MDFF 

Membrane 

Merge Structs 

Molefacture 

Mutator 

Nanotube 

Psfgen 

RESPTool 

RNAView 

Solvate 

SSRestraints 

Topotools 

 

Visualization 

Clipping Plane Tool 

Clone Rep 

DemoMaster 

Dipole Watcher 

Intersurf 

Navigate 

NavFly 

MultiMolAnim  

Color Scale Bar 

Remote 

Palette Tool 

ViewChangeRender 

ViewMaster 

Virtual DNA Viewer 

VMD Movie Maker 

Simulation 

AlaScan 

AutoIMD 

IMDMenu 

NAMD GUI 

NAMD Server 

QMTool 

Collaboration 

Remote Control 

Data Import and Plotting 

Data Import 

Multiplot 

PDBTool 

MultiText 

Externally Hosted Plugins and 

Extensions 

Check sidechains 

MultiMSMS 

Interactive Essential Dynamics 

Mead Ionize 

Clustering Tool 

iTrajComp 

Swap RMSD 

Intervor 

SurfVol 

vmdICE 

 

Selected VMD Plugins: Center Developed, and User Developed 

http://www.ks.uiuc.edu/Research/vmd/plugins/ 

75 MolFile  I/O Plugins: 
structure, trajectory, sequence, 

and density map 



Example VMD Visualization and Analysis Plugins  

Bendix  
Dahl ACE, Chavent M and Sansom MSP   Bendix: intuitive helix geometry analysis 

and abstraction.  Bioinformatics 2012 28(16): 2193-2194. 

Normal Mode Wizard  

Bakan A, Meireles LM, Bahar I   ProDy: Protein Dynamics Inferred from 

Theory and Experiments.  Bioinformatics 2011 27(11):1575-1577. 



VMD ñComing Soonò: 

VMD 1.9.4 and VMD-Next 



VMD 1.9.4, and VMD-Next 

GPU Ray Tracing of  

HIV-1 Capsid Detail 

Å Python 3.x support 

ÅNew ñmolefactureò structure editor plugin 

Å Improved structure building and analysis tools 

Å High performance GPU structure+data clustering 

Å Density map and volume processing features: 

high performance GPU image segmentation, 

density map simulation, masking, visualization 

Å Many new and updated user-contributed plugins  

Å Deeper integration of interactive ray tracing 

o Seamless interactive RT in main VMD 

display window 

o Support trajectory playback in interactive RT 

o Enable multi-node interactive RT on HPC 

systems 

Å Built-in (basic) interactive remote visualization on 

HPC clusters and supercomputers 



VMD Data Model 



VMD ñMoleculeò  
Å Collection of self-consistent molecular information 

ï Atomic structure, time-varying atomic coordinates, velocities, é 

ï Volumetric data 

ï Graphics objects  

Å Key missing information required for visualization is auto-generated 
heuristically ï ñguessedò, if not provided in input files 
ï Bond topology 

Å Limitations:  
ï Fixed atom count per-timestep, requires use of ñdummy atomsò for so-called 
ñopen systemò simulations 

ï VMD doesnôt store or use MD force field parameters, various other data that 
are typically specific to particular simulation tools, force fields, etc. 



Atomic Structure 
Å Per-Atom attributes: 

ïName 

ï Type 

ï Residue ID, Unique residue ID, Residue Name, Residue Type 

ï Bond list 

ï Atomic number 

ï Alternate location identifier 

ï Insertion code 

ï Chain 

ï Segment name 

ïAtom/Residue classification (protein, nucleic, hydrogen, water, ñotherò) 



Other, Optional Per-Atom Fields 

ÅOptional per-atom attributes: 
ïMass 

ïCharge 

ïRadius 

ïOccupancy 

ïB-factor 

ïFields primarily used by simulation preparation tools: 

ÅBond Orders 

ÅAngles, Dihedrals, Impropers, Cross-Term Maps 



Time-Varying Trajectory Data 

ÅAtomic coordinates 

ÅAtomic velocities 

ÅPBC unit cell 

ÅQM, QM/MM molecular orbital data  

ÅUser-defined time-varying scalar quantities: 

ïuser, user2, user3, user4 
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VMD Development Efforts  

Supporting Integrative Hybrid Modeling 

ÅExtending mmCIF PDBx parser to 
encompass new IHM-specific records, 
data types 

ÅRevising VMD ñmolfile pluginò APIs to 
communicate IHM data to VMD and 
represent it natively 

ÅNew atom selection keywords that 
encompass IHM structure data  

Å New graphical interfaces to query and 
interact with IHM data both 
quantitatively and visually 

 

Serum Albumin Domains,  

PDB-DEV IHM #5 
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Coarse-Grained IHM Data 
ÅCoarse grained 

sphere/bead models 

ÅRestraint information from 
experiments 

ÅMulti-modal structure 
alignments, comparisons 

ÅLinkage to underlying 
experimental images, 
statistics, etc. 

Nuclear Pore Complex,  

PDB-DEV IHM #12 
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Display of Uncertainty, Error in IHM Models 

ÅQuery, visualize uncertainty, error, 
variance, in EM density maps, 
tomograms, atomic structure 

ÅRequires IHM models to specify 
these statistics in the files 

ÅModeling tools, graphical 
interfaces can use this to guide 
user modeling tasks, analyses 

tRNA magnesium ion occupancy probability 

density surfaces, VMD volmap  plugin  
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Computing Challenges Posed by           

Large Hybrid Models  
ÅTechniques like coarse graining allow 

modeling to reach the cell scale, but data 
sizes and interactivity remain a 
tremendous challenge 

ÅNext-generation parallel- and GPU-
accelerated computing techniques can 
make powerful analytical and visualization 
tools interactive  for the first time: 
ïClustering analyses (structure RMSD, 

quality-of-fit, docking scores, etc) 

ï Image segmentation, docking, alignment, 
fitting, coarse-grainingé 

VMD supports analysis and 

visualization of multi-gigavoxel 

EM tomograms, density maps 
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Interoperability Challenges Posed by IHM Data 

ÅReliable interoperability between modeling and simulation 
tools hinges upon deep understanding of IHM data semantics 

ÅWhen creating multi-modal hybrid models, quantitative and 
visual representation of ñuncertaintyò and ñerrorò becomes 
important, so that the best information modalities are used to 
make analyses, decisions, and interpretations 

ÅWhat are the physical properties assigned to coarse-grained 
ñbeadsò, Gaussians?  

ÅCan those properties be understood among many different 
modeling tools? 

 



Overcoming the Biomolecular Orientation of 

VMD for Materials Science Work 
Å VMD molecular data structures are optimized for biomolecules 

ï Expects atom/residue names that (roughly) follow RCSB Protein Databank 
conventions 

ï Significant up-front structure analysis enables increased interactivity later 

ï Cost of this is decreased generality in various cases: 
Å Fixed atom count per timestep 

Å Unrecognized atom naming conventions can inhibit use of some of the high-level atom 
selections 

Å Nanodevice and materials science data can be displayed in VMD 
ï Assign per-atom name/type fields after loading  

ï Enable VMD to better recognize structural elements 

ï Example: xyz or LAMMPS dump files lack some expected fields, so it helps 
to use special features of LAMMPS plugin to assign them 



VMD LAMMPS Molfile Plugin 
https://sites.google.com/site/akohlmey/software/lammps-plugin 

Å Reads LAMMPS text mode trajectory ñdumpò files 

Å Map LAMMPS per-atom fields to VMD molfile API: 
ï LAMMPSREMAPFIELDS environment variable allows user to control mapping of per-

atom fields to VMD molfile API 

ï List of mappings of LAMMPS fields into VMD fields, e.g. ñVMD=LAMMPSò 

ï Example to map LAMMPS forces into VMD velocity fields:  

 set env(LAMMPSREMAPFIELDS) ñvx=fx,vy=fy,vz=fzò 

Å Adapt LAMMPS trajectories with varying atom counts to VMD 
ï LAMMPSMAXATOMS environment variable sets peak atom count for VMD, adding 
ñdummyò atoms as placeholders:  

 Dummy atoms initialized with properties: name = @, type = X, resname = @@@, 
 segid = @@@, chain = @, mass =0, charge=0, radius=0, element=X. 

ï LAMMPSDUMMYPOS sets default atomic coords for dummy atoms that donôt exist for 
a given frame: 

 set env(LAMMPSDUMMYPOS) {0.0 0.0 -10.0} 

 
 

 



Exporting Molecular Data 
ÅVMD can be used to prepare MD simulations in 

conjunction with plugins and user scripting 

ÅNeed to watch out for assumptions made by heuristics, 
structure building tools 

ÅExample: bond topology may need to be modified or 
deleted for some force fields 

ÅUse the most appropriate structure manipulation tools for 
the MD package in use, e.g.: 
ïNAMD: psfgen plugin 

ïLAMMPS: topotools plugin 



VMD Visualization Concepts 



VMD Approach to Visualization 

ÅMolecular scene is composed of ñgraphical representationsò 

ÅEach representation encapsulates a group of selected 

atoms, a drawing style, coloring style, and other parameters 

ÅRepresentations are independent of each other, can be 

toggled on/off easily, allowing molecular scenes to be built-

up incrementally 

ÅVMD atom selection language is shared with its analytical 

and scripting interfaces 
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Selection, Filtering 
Å Most viz tools allow interactive visual picking, 

menu-driven selections of structure components to 
display or operate on 

Å VMD also extensively uses a text-based selection 
language (think google): 

     water within 10 of  protein and z > 0 

     nucleic or protein or ions 

     segname BR 

     name ñC.*ò 

ï Allows selection on user-defined data fields 

ï Promotes synergy between interactive and 
scripting interfaces, visualization and 
quantitative analysis tasks  

ïWorks well with huge time-varying structures 



Structure Visualization 
Molecular representations provide different levels of abstraction, 
atomic detail vs. higher level organizational information 

Å Atoms, VdW spheres, bonds, ball-stick, é 

ÅCoarse-grained ñbeadsò 

ÅRibbons, secondary structure, ñcartoonò reps, RNA/DNA 

ÅMolecular surfaces  

ÅMolecular orbitals (quantum chemistry) 

 

 



Computed Properties 
Å Smoothing of thermal noise 

Å Secondary structure 

Å Hydrogen bonds, salt bridges 

Å Forces, energies, stress, strain 

Å Time averaging of electrostatic fields, occupancy 
maps 

Å Quality-of-fit cross correlation with cryo-EM 
density maps 

Å Normal modes, principal component analysis, 
essential dynamics 

Å Cluster simulation trajectory timesteps by 
structural similarity 

Chemoreceptor trimer -of -

dimers analysis with 

Bendix plugin in VMD  



PME electrostatic potential 

contour  for a helicase on a 

volumetric slice plane  
Per-residue solvent -accessible  

surface area of Ubiquitin  

Display of Computed Properties on Structures 



CheA kinase PCA: first principal component porcupine plot  



Molecular Visualization Challenges 

ÅGeometrically complex scenes 

ÅOften show a mix of structural 

and spatial properties  

ÅTime varying! 

ÅSpatial relationships important 

to see clearly: depth cueing, 

shadows, AO helpful 



Satellite Tobacco Mosaic Virus  



Exportin  Cse1p Nanopore  



VMD Shading Comparison: EF-Tu 

ñGoodsellò 

Shader 

Outline 

Shader 

Glossy 

Shader 

Ray Tracing:  

Ambient Occlusion, 

Shadowing 



VMD Scripting 



VMD Scripting 

ÅBuilt-in Tcl interpreter is standard in all builds 

ÅCustom builds can contain Python interpreter too 

ÅCollection of simple VMD scripts: 

http://www.ks.uiuc.edu/Research/vmd/script_library/ 



Atom Selections 

set ionsel [atomselect top ñionsò] 

set watsel [atomselect top ñwaterò] 

set solute [atomselect top ñnot water and not ionsò] 

 

set numions [$ionsel num] 

set coords [$solute get {x y z}] 



Built-in ñMeasureò Analysis Routines  

Å Provide high-performance routines for common analysis functions 

Å Operate on atom selections, sometimes over a frame range 

 set com [measure center $sel weight mass] 

 set avpos [measure avpos $sel first 0 last 999 step 1] 

 set c [measure contacts 1.0 $sel1 $sel2] 

 

 set txmat [measure fit $sel1 $sel2] 

 $sel2 move $txmat 

 



# Print RMSD between two selections between the first timestep and each  

# later timestep for the given molecule id (default: top)  

proc print_rmsd_trajectory {{mol top}} {  

    set reference  [atomselect $mol "protein" frame 0]          # use frame 0 for the reference 

    set compare   [atomselect $mol "protein"]                       # the frame being compared  

    set numsteps [molinfo $mol get numframes]                   # query number of trajectory frames 

    for {set frame 0} {$frame < $numsteps} {incr frame} {  

        $compare frame $frame                                              # set the correct comparison frame  

        set transmat [measure fit $compare $reference]         # compute the transformation  

        $compare move $transmat                                          # align comparison to reference     

        set rmsd [measure rmsd $compare $reference]          # compute the RMSD 

        puts "RMSD of $frame is $rmsd"                                 # print the RMSD  

     } 

} 



Trajectory Analysis and 

Visualization 



Molecular Dyamics Trajectory Analysis 
Å MD simulations sample femtosecond timescales 

Å Millions of timesteps stored per trajectory 

Å Dynamics of biomolecular complexes are main interest, but solvent often 
accounts for half or more of the simulation content  

Skip I/O for regions of bulk solvent where possible [1]  

Å Modern MD tools, e.g., VMD, NAMD, LAMMPS, HOOMD, employ extensive 
embedded scripting (Python, Tcl , etc) to permit simulation preparation, 
custom simulation protocols, analysis, and visualization  

Å Unified collective variables module allows identical analytical computations to 
be performed within LAMMPS, NAMD, and VMD, during pre-simulation 
modeling, in -situ, and post -hoc [2]  

[1] Immersive Out-of -Core Visualization of Large -Size and Long -Timescale Molecular Dynamics 

Trajectories. J. Stone, K. L. Vandivort, and K. Schulten. G. Bebis et al. (Eds.): 7th International 

Symposium on Visual Computing (ISVC 2011), LNCS 6939, pp. 1-12, 2011. 

[2] Using collective variables to drive molecular dynamics simulations. G. Fiorin, M. L. Klein, and J. 

Hénin. Molecular Physics, 111:22-23, 3345-3362, 2013. 



Visualization of MD Trajectories 
Å Allow researchers study trajectories by analyzing force profiles, energies, 

structural changes, etc. 

Å Visualization selections, graphics, structure properties, colors can all 

be recomputed for each trajectory timestep ! 



 

6.9ms folding simulation of 30K atoms: 380GB trajectory  



Time-Averaged Volumetric Properties 

ÅCompute density, distance, 
occupancy, potential maps 
for a frame or averaged 
over a trajectory 

ÅExample: display binding 
sites for diffusively bound 
ions as probability density 
isosurfaces 

tRNA magnesium ion occupancy:  

VMD volmap  plugin  



Large System Analysis and 

Visualization 
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